Abstract-l. Monodelphis domesfica is a small marsupial mammal from South America. Its thermogenic abilities in the cold were determined when the opossums were both warm (WA) and cold (CA) acclimated. Maximum heat production of M. domestica was obtained at low temperatures in helium-xygen.
INTRODUCXION
Differences in the metabolic relationships of marsupial and placental mammals are now generally accepted, at least at the level of basal or standard metabolism Hulbert, 1969, 1970; MacMillen and Nelson, 1969; McNab, 1978; Hinds and MacMillen, 1984) . The impact of the relatively low basal metabolic rate (BMR) of the marsupials on their temperature regulation and metabolic capabilities is, however, still unclear. Dawson (1973) suggested that a lower rate of heat loss could compensate marsupials for a reduced metabolic potential in response to cold (relative to that seen in the placentals). However, Dawson and Dawson (1982) and Hinds and MacMillen (1984) have indicated that such a reduced heat loss was not apparent in small marsupials. Set against these suggestions are recent findings that, in response to cold, some small Australian marsupials have a greater proportional metabolic scope than do placentals (Dawson and Dawson, 1982; Smith and Dawson, 1985) .
Much of the discussion about the differences in BMR between marsupials and placentals centres on whether these reflect adaptation to various environmental factors (McNab, 1978) or conservative phylogenetic states. Many mammals with conservative features, placentals included, show relatively low levels of basal metabolism and body temperature (Dawson, 1973 with the Australian forms being considered to represent a more recent radiation (Archer, 1984) . The separation of these two groups occurred as long ago as the early Tertiary, some S&60 million years ago. Consequently, comparison of the thermoregulatory characteristics of these two groups may be pertinent to this debate.
Australian marsupials are very competent homeotherms (Dawson, Robertshaw and Taylor, 1974; Dawson and Dawson, 1982; Dawson, 1983) . The question then arises as to whether the Australian lines have built upon a set of conservative features or do all marsupials share characteristic metabolic capabilities? To provide insight into this question we have examined the thermoregulatory capacities of the didelphid opossum Monodelphis domestica.
We have also studied the heat balance in warm and cold acclimated animals because the metabolic capacities of small mammals may change markedly when they are acclimated to different environmental temperatures. Such changes in placentals are associated with non-shivering thermogenesis (NST) (Jansky, 1973) , which may involve the thermogenic tissue, brown adipose tissue (BAT) (Cannon and Nedergaard, 1983; Nicholls and Locke, 1984) . There is doubt as to the occurrence of BAT in marsupials (Rowlatt et al., 1971; Rothwell and Stock, 1985) and the response to cold acclimation may differ between marsupials and placentals (Smith and Dawson, 1985) .
MATERIALS AND METHODS

Animals
The M. domesfica were purchased as non-breeding stock from the Southwest Foundation for Biomedical Research, PCI Box 28147, San Antonio, TX 78284, USA, the original resting. For exposures in helox we accepted a shorter initial stock having come from the Caatinga region of southeastern equilibration time, 2 hr, because the effective reduction in Brazil. Details for the care and maintenance of the animals the insulation of the fur meant that the opossums reached are given by Fadem et al. (1982) . Our animals (four male thermal equilibrium very quickly. Summit metabolism was and four female) were housed individually and fed a diet of determined as the maximum heat production that was dry pellets (fox reproductive diet, Milk Speciality Products, achieved in these conditions, i.e. that sustained for longer New Hollstein, Wisconsin), canned dog food and crickets. than 2 hr (Dawson and Dawson, 1982) . Peak metabolic Mass was maintained on this diet during warm acclimation rates, i.e. those reached for a few minutes, were assessed as near 115 g for males and 83 g for females. During cold the maximum rates seen over a 5-8 min period during the acclimation there was an initial loss of 510% in some exposure in helox at 10°C. Such levels were seen within the animals but mass was maintained thereafter. first 20min of the exposure. During acclimation to the warm and cold environments the animals were maintained in constant temperature rooms on a 12:12 day-night cycle. The warm acclimated (WA) animals were kept at 2527°C. The same group of animals were subsequently cold acclimated (CA) by being kept at lO-12°C for at least 3 weeks before examination. Some opossums died when maintained at a F, of 5°C. Smith and Dawson (1984) showed that acclimation was completed within this period in the marsupial, Dusyuroides bymei.
Body temperature (Tb) was measured as deep colonic temperature, insertion depth 34 cm, using calibrated copper-constantan thermocouples. Body temperatures were taken immediately before and after each experimental run.
The thermal conductance was calculated by the equation:
C(W/m' per "C) = HP/CT, -T,)SA
Experimental procedures
Heat production in both WA and CA animals was estimated from oxygen consumption at ambient temperatures (T,) between 5 and 30°C in air and at 10 and 15°C in a helium-oxygen atmosphere (helox). The thermal conductance of helium is approx. 6 times that of nitrogen, A gas mixture in which helium replaces nitrogen can therefore be used to elicit maximum responses to cold stress, while limiting the possibility of cold injury to tissue (Rosenmann and Morrison, 1974; Smith and Dawson, 1985) . As well as increasing heat loss from an animal, there is some evidence that helium can affect lung ventilation volume but this would seem to be a relatively minor effect in this context (Brice and Welsh, 1983) .
where SA = surface area in m2, calculated by the equation SA = 0.1 w.67 (kg) (Dawson and Dawson, 1982) . This calculation of conductance neglects heat loss by evaporative cooling. At the generally low ambient temperatures used in these experiments, heat loss by evaporation would be of minor importance.
Experiments were carried out in a temperature controlled cabinet regulated to f 1°C. The cabinet was lighted and experiments were generally carried out during the light phase of the photocycle. Fresh food was withheld for at least 3-4 hr prior to experiments. Unrestrained animals were placed in an airtight metabolic chamber of 3.8 1 effective capacity. The chamber was made of thin metal, which was internally coated black to minimize reflected thermal radiation (Porter, 1969) . It had a Plexiglass window so that the animals could be regularly observed. The appropriate gas mixtures were metered through the chamber at constant rates, either 0.5 or 1 .O l/min, by a Brooks thermal mass flow meter (Model 5841-AIAZMN). The flow meter had been calibrated for both air and helox.
In placentals non-shivering thermogenesis may be mediated by noradrenaline. The effect of noradrenaline on the thermogenesis of WA and CA M. domestica was investigated in this study. The opossums (four CA and four WA) were placed in the metabolic chamber at a T, of 28°C and heat production was estimated for 60 min. They were then quickly removed from the chamber and injected intraperitoneally via a 27G hypodermic needle with noradrenaline (3 pmol/kg) and then replaced in the chamber, Heat production was subsequently monitored for a further 60 min. Sham trials were also carried out in which sterile saline was injected instead of noradrenaline.
Statistical analysis
All comparisons made between acclimated groups were tested using Student's f-tests. Comparisons between different temperatures within groups were made using a Student Newman-Keuls test following analysis of variance (Sokal and Rohlf, 1969) .
RESULTS
Once the animal had been placed within the metabolic chamber, oxygen consumption was determined using an Applied Electrochemistry analyser (Model S-3A). The electrical outputs of the analyser and the flow controller, together with the output from the chamber thermocouple, were fed into an Apple 1 le computer. This enabled oxygen consumption to be calculated on an "instantaneous" basis using the method of Bartholomew, Vleck and Vleck (1981) , with the values being printed out each minute. This procedure enables the determination of the time course of actual metabolic responses and additionally, it allows the accurate monitoring of the animal's status. Consequently, an animal could be safely removed from the chamber if its metabolic abilities appeared to be overtaxed, as may occur in helox. Oxygen consumption was converted to heat production (HP) in units of W/kg by assuming a respiratory quotient (RQ) of 0.8 (1 I Oz/kg per hr = 5.59 W/kg). At the coldest temperatures the RQ was probably closer to 0.7, due to a greater metabolism of fat (Dawson and Dawson, 1982) , but the potential error in calculated HP is small. A summary of the results showing the variation with ambient temperature of the heat balance of M. domestica is given in Table 1. This table includes the responses of warm and cold acclimated animals for experiments in both air and helox. These data, together with a summary of the statistical analysis, are presented graphically in Figs 1 and 2.
Heat production at a specific air temperature was determined after the animal had been allowed to equilibrate to the temperature for approx. 3 hr and was then measured as the mean of two 15 min periods when the animal was The values obtained near 30°C for the WA M. domestica are those within the thermoneutral zone (the zone of vasomotor regulation)-note the elevated value for conductance. The responses of WA mammals appear to correspond with those obtained from laboratory-kept non-acclimated animals. Smith and Dawson (1985) noted this for the Australian marsupial D. bymei. Therefore the BMR noted for the WA opossums can be compared with previously reported marsupial values. In mass independent units M. domestica has a BMR of 1.83 W/kg'." as compared with 2.35 W/kg0.75, the value given for Australian marsupials (Dawson and Hulbert, 1970) . The value for M. domestica from this study is marginally lower than that reported for these marsupials by Thompson and Nicoll (1986) . Body temperatures were also found to be low in these conditions, with Values are k SE. *Animals under these conditions were removed from the chambers prior to the completion of the normal equilibrium period.
the mean being 32.6 + 0.4"C against the average tance (Figs 1 and 2 ). At 5°C metabolism was mainvalue of about 355°C reported for the marsupials in tained some 6.5 times above the BMR. To obtain the the study of Dawson and Hulbert (1970) . maximum sustained metabolic capability of these The responses of the WA animals to lower T,s M. domestica helox was employed. At a temperature followed the pattern expected for a competent of 15°C in this environment the heat production was homeotherm.
Body temperature was maintained sustained at 8.7 times the BMR for more than 2 hr. through an increase in HP and a reduced conducAt 10°C in helox, HP reached 29.5 W/kg or 9.3 times the basal rate but not all the animals could sustain these leveis for the 2 hr equilibration and 0.5 hr measurement period, especially the smaller females. However, even these opossums could maintain the high rates for over 1 hr. The Tbs reported for these conditions are those taken on the removal of the animal from the chamber. They represent values taken approx. 3-4 min after heat production showed its marked decline. Cold acclimation produced marked changes in the heat balance of M. domestica, especially at the warmer air temperatures. At 30°C the HP was more than doubled (see also Fig. 3 ). An elevated HP was seen at T,s down to 15°C but at 10°C (the a&-mation temperature) and lower, there was no significant difference between the CA and WA animals (Fig. 1) . In helox at 15°C the HP of the CA animals actually was lower than that of the WA animals. At 10°C there was no significant difference in the summit metabolism between the CA and WA animals but the CA animals were able to maintain the high HP for the full exposure. Examination of the experiments suggested that the summit metabolism reported for CA M. domestica may be close to the animal's limit, especially for the smaller females.
While this study concentrated on the ability of M. domestica to sustain a level of HP, we did examine peak metabolic rates reached for a few minutes, in helox at 10°C. Such rates were seen early in the exposure, often after about 20 min, and were 1 l-l 3 times the BMR established for WA animals. The values were not different between groups, being 32.8 + 0.97 and 32.7 & 2.52 W/kg for WA and CA animals respectively. Since the Tb s of the two groups were not markedly different the differences in HP were paralleled by changes in heat loss, i.e. conductance (Fig. 2) . The variation of the conductances in the WA animals with changing air temperature followed the "Newtonian'" pattern usually reported for small mammals (Hinds and MacMillen, 1984) but that in the CA group did not. These remained elevated until a T, of lO"C, the acclimation temperature, was reached. In the extreme environment, helox, the ~onductan~s of the CA M. domestica were significantly lower than those of the WA animals.
In placentals non-shivering thermogenesis is mediated by noradrenaline (NA). During the course of our study intraperitoneal injections were made of noradrenaline, at levels (3 pmol/kg) that would be expected to give a positive response in a small placental (Reynolds and Hulbert, 1982; Heldmaier and Buchberger, 1985) and a level that has been reported to give a response in an immature marsupial (Loudon et al., 1985) . These injections were made into both WA and CA M. domestica, which were resting at a T, of 28°C. The subsequent pattern of heat production was not different in either group from that seen following equivalent injections of sterile saline (Fig. 3) . The experimental protocol used in these experiments produces a marked thermogenic response in cold acclimated laboratory rats (Smith, 1984) .
DISCUSSION
Mo~odel~~is domestica, a South American didelphid marsupial, appears to have a high aerobic metabolic capacity. This is despite its low basal or standard metabolic rate. The summit metabolism, when cold acclimated, would enable these small opossums to cope with air temperatures well below zero for considerable periods. Similar capacities have been noted in some Australian species (Dawson and Dawson, 1982; Smith and Dawson, 1985) . Consequently, it is possible that marsupials in general have large metabolic capabilities, as was initially suggested by Dawson and Needham (1981) from their studies into the aliometry of the cardiovascular and respiratory systems of this group.
Small placentais can achieve metabolic levels 6-7 times their BMR but these can only be maintained for short periods (5-10 min) and therefore are best described as peak metabolic rates (Hart, 1957; Rosenmann and Morrison, 1974; Chappell, 1984) . Such placentals only seem capable of a summit metabolism in response to cold which is 3-5 times BMR (Gelineo, 1964; Dawson and Dawson, 1982) . M. domestica had a BMR that was low even by the standards of other marsupials, 78% of the mean value reported for Australian marsupials (Dawson and Hulbert, 1970) and only 55% of the value predicted for placentals from the equation of Kleiber (1961) . Despite this, it had a summit metabolism that was 9 times its BMR and 5 times that of the predicted BMR for a placental of similar mass. The heat loss characteristics of most small mammals are necessarily similar because of physical constraints (Dawson and Dawson, 1982; Hinds and MacMillen, 1984) so that when a small marsupial maintains Tb at a low T, it has comparable levels of thermogenesis to placentals. Whether the absolute aerobic capacities of many marsupials exceed those of placentals has yet to be resolved, but it is a possibility.
The high aerobic scope in marsupials answers some general questions concerning thermoregulation in small mammals. McNab (1983) , in his discussion on the limits to endothermy, developed the idea that the ability to maintain continuous endothermy was determined by the interaction of body mass and BMR. From plots of these functions he put forward the concept of a minimum boundary curve for endothermy. McNab found the energetics of small marsupials difficult to explain because they transgressed his minimum boundary curve and in his recent discussion of marsupial energetics (McNab, 1986) they are described as an enigma. This enigma is now resolved because the endothe~ic abilities of marsupials are not constrained by their BMR in the same way as those of placentals.
Placentals can increase their thermogenic capabilities in some conditions via an increase in nonshivering thermogenesis. In the laboratory this may be seen in cold acclimation (Depocas et al., 1957; Hart, 1960; Kiang-Urich and Horvath, 1979) . The increase in maximum heat production (usually of the order of 30%) is associated with the potentiation of regulatory non-shivering thermogenesis. This form of heat production is mediated by noradrenaline and occurs mainly in brown adipose tissue.
That marsupials, as a group, may differ from placentais in their responses to a~limation is suggested by the results of M. domestica and those of the Australian marsupial, Dasyuroides byrnei (Smith and Dawson, 1984, 1985) . A principal difference between the marsupials and placentals in their responses to acclimation is that there is no marked increase in the summit (or peak) metabolism of marsupials, although there is an increase in the time that they can maintain the summit.
Noradrenaline mediated NST appears of little importance or is absent in adult marsupials (Nicol, 1978; Wallis, 1979; Reynolds and Hulbert, 1982) . The data from the current study indicating a lack of effect of NA on the metabolism of M. domestica (Fig. 3) supports these conclusions. Such a result would not be unexpected since BAT has not been found in marsupials (Rowlatt et al., 1971) , even by electronmicroscopic investigation (Fleming, 1982) . However, recent work by Loudon et al. (1985) reports NAmediated heat production and RAT in the immature pouch-young of a wallaby. The significance of regulatory NST in marsupials therefore appears equivocal and needs resolution.
If the status of NST in marsupials is equivocal, what is the nature of the elevated HP seen at moderate and higher air temperatures in CA M. domestica (Figs 1 and 3) and also reported in D. byrnei (Smith and Dawson, 1985) ? It does not seem to be some form of regulatory NST because it is not maintained at colder temperatures, which is markedly at variance with acclimation responses seen in some placentals. Perhaps long-term cold exposure results in an overall change in the basal level of metabolic activity commensurate with the heat production required to maintain Tb at the acclimation T,. In these experiments this was approx. 10°C and it is notable that at 10°C the HP and the conductance of the CA animals were not significantly different from those of the WA group. The nature of the mechanisms that lead to such a pattern of responses is difficult to explain but probably involves a general increase in metabolic activity and substrate mobilization. In D. byrnei cold acclimation results in a marked increase in liver size (Smith, 1984) . Hart (1971) stresses that the elevation in basal metabolism seen in some rodents is not an important feature of acclimation to constant cold, but a symptom of it. What is important is the increased ability to maintain homeothermy in cold environments and the nature of this response differs between placentals and marsupials. Although Australian and American marsupials have had a long evolutionary separation it seems that both groups have a high metabolic capacity despite their low BMR. Does this have implications for our thinking about other marsupial characteristics? In this respect, recent data concerning the energetics of marsupial reproduction are interesting. Thompson and Nicoll (1986) report that M. domestica sustains a high maternal metabolism during lactation. This finding tends to conflict with the suggestion of McNab (1986) that the marsupials cannot tolerate cold temperate environments because they cannot provide the energy to accelerate growth and development of the young to complete reproduction within a short spring and summer. When considering such matters it should be remembered that marsupials have had a long evolutionary history in the far southern regions of the earth, at times when this part of the world would have had at least cold temperate climate (Archer, 1984) .
